Cold atmospheric pressure plasma is a promising tool for various biomedical applications. Particularly, treatment of cells and tissues in diseases such as chronic wounds possesses high potential. However, detailed knowledge of how plasma mediates its actions on cells is necessary to explore its potentially beneficial effects in clinical settings. Previous studies have shown that plasma induces oxidative stress. We confirmed this hypothesis by showing that plasma significantly oxidized glutathione (GSH), a major cellular reductant. In plasma-treated cells we found elevated levels of GSH, pointing to a change in cellular redox balance. Oxidative stress can induce apoptosis and plasma-mediated apoptosis has been shown before measuring phosphatidylserine exposure. Using primary human immune cells, we investigated what events precede this reaction. Apoptosis is an active cellular process and accordingly it was dependent on incubation temperature after treatment. Damage of mitochondria was linked to apoptosis previously and plasma treatment resulted in mitochondrial oxidation and reduced mitochondrial membrane potential. Further, we measured a treatment time dependent activation of executioner caspase 3 which is known to be crucially involved in apoptosis. Together, our results suggested that plasma-mediated oxidative stress reactions in eukaryotic cells are in line with the foregoing research in redox biology. Establishing this link will help anticipate results in future research and clinical studies involving cold atmospheric pressure plasmas.
I. INTRODUCTION
In plasma medicine, medical applications and their physiological and biochemical principals are investigated. 1 An important indication of cold atmospheric pressure plasma is the treatment of nonhealing chronic wounds. [2] [3] [4] To understand how plasma mediates its effects on cells investigations of mechanistic interactions are crucial. It is known that plasma generates reactive oxygen and nitrogen species (ROS/RNS) while their kind and quantity is dependent on the plasma source used and settings applied, e.g., composition of the feed gas. [5] [6] [7] [8] Generated species then oxidize biological molecules and cells and prolonged plasma treatment initiates apoptosis. 9, 10 The treatment time needed to initiate programmed cell death depends on the cell type and the cellular condition, e.g., activation. [11] [12] [13] The present study investigated events preceding cold plasma-mediated apoptosis. We studied human immune cells, as they are one important element in wound healing. 14 Recently, we have shown that plasma oxidized mononuclear cells and apoptotic events occurred after prolonged treatment. 10, 15 Cells, however, have defense systems against oxidation. 16 In particular, thiols protect against oxidative stress by detoxifying ROS/RNS such as free radicals and peroxides 17 which are normal by-products of cellular metabolism. 18 The largest pool of free thiols constitutes glutathione (GSH), an essential antioxidant present in millimolar concentrations inside cells. 19, 20 We therefore investigated the degree of oxidation and relative quantity of extracellular and intracellular GSH, respectively. If strong oxidation tips the redox balance, apoptosis may occur and mitochondria are tightly entangled in this process. 21 Hence, we investigated mitochondrial oxidation and membrane potential after plasma treatment. Apoptosis is an active process and accordingly we investigated its dependency on incubation temperature. Finally, caspases play an essential role in cell death 22 and we showed that caspases 3/7 were active in plasma-treated cells.
II. MATERIAL AND METHODS

A. Cell Isolation
Upon donation at the blood bank (University Medicine of Greifswald, Germany) healthy blood donors gave written and informed consent about anonymous usage of blood for research purposes in the case that the donation is not suitable for clinical application. Isolation of human peripheral blood mononuclear cells (PBMCs) was done by density gradient centrifugation with lymphocyte separation medium (PanBioTech, Germany) as described before. 23 Subsequently, cells were suspended at 1×10 6 /ml in medium (RPMI1640 without phenol red) containing 10% fetal bovine serum and 1% glutamine/ penicillin/streptomycin (all from Sigma, Germany). One milliliter of suspension was seeded per well in 24-well plates (Sarstedt, Germany) prior to plasma treatment. Before and after experiments, cells were incubated at 37°C with 5% CO 2 in a cell culture incubator (Binder, Germany) if not stated otherwise.
B. Plasma Source and Treatment
Before usage of the atmospheric pressure argon plasma jet "kinpen 09" (neoplas, Germany) the jet was left running with gas for at least 1 h to deplete the tubing of residual humidity as suggested before. 5 Using a mass flow controller (MKS Instruments, Germany) and applying three standard liters per minute of argon gas, plasma was generated applying a voltage of 2-6 kV pp at a frequency of 1.1 MHz. For treatment of cell suspen-sion, a programmable computer-driven xyz table (Nanotec, Germany) hovered the jet above the center of each well as described in detail previously. 10 Controls using argon gas only were carried out and always resembled untreated control (data not shown).
C. Assessment of GSH
GSH (Sigma, Germany) was added to cell culture medium (final concentration 50 µM) and 1 ml was added to wells of a 24-well plate. After treatment, 900 µl were added to cuvettes containing 100 µl PBS spiked with 200 µM 5,5′-dithiobis-2-nitrobenzoic acid (DTNB, Sigma, Germany). After incubation for 5 min, absorbance was analyzed spectrophotometrically (Specord Plus 210, Analytik Jena, Germany) at 412 nm.
D. Plasma Effects on Intracellular GSH and Mitochondria
For assessment of intracellular GSH, PBMC were plasma-treated and after 2, 6, and 24 h collected into 12×75 mm tubes (Sarstedt, Germany). After washing in PBS with divalent cations, cells were stained with anti-CD4 allophycocyanin (APC), 7-aminoactinomycin (7-AAD, both from BioLegend, USA), and 10 µM of ThiolTracker violet (Life Technologies, USA) for 30 min in the incubator. After washing, cellular fluorescence was acquired using flow cytometry (Gallios, Beckman-Coulter, USA) and 405-nm laser excitation collecting ThiolTracker fluorescence with a 525-nm band-pass (40-nm) filter. For assessment of mitochondrial oxidation PBMCs were incubated with 10 µM MitoTracker orange CM-H 2 TMRos dye (Life Technologies, USA), washed, and resuspended in medium. Cells were then plasma-treated, harvested, washed, and fluorescence was acquired by flow cytometry. The viability dye 4′,6-diamidino-2-phenylindole (DAPI, Sigma, Germany) was used to discriminate live from dead cells. Mitochondrial membrane potential was assessed using the probe JC-1 (Enzo, Germany). Briefly, PBMC were plasma-treated and after 2, 6, and 24 h collected into FACS tubes. After washing, cells were stained with anti-CD4 APC, DAPI, and 2 µM JC-1 for 15 min at room temperature in the dark. After washing, cellular properties were acquired by flow cytometry.
E. Assessment of Apoptosis by Flow Cytometry
For kinetics of phosphatidylserine exposure, PBMCs were plasma-treated and stained at different time points with Annexin V and anti-CD4 APC in Annexin V binding buffer (all BioLegend, USA). For incubation temperature experiments, cells were incubated for 24 h at 4°C (fridge), 37°C (incubator), or room temperature, after treatment. Cells were acquired by flow cytometry in binding buffer. Procedure was similar for caspase 3/7 staining where CellEvent probe (Life Technologies, USA) and Annexin V PE-Cy7 (BioLegend, USA) were used instead of Annexin V FITC and DAPI.
F. Software and Statistics
For analysis of flow cytometry standard 3.0 files, Kaluza (Beckman-Coulter, USA) and FlowJo (Treestar Software, USA) were used. Calculations were done using Excel (Microsoft, USA). Statistical analysis was carried out using prism 6.04 (GraphPad software, USA). In GSH kinetic experiments, repeated-measures two-way analysis of variances (ANOVA) was applied comparing means for each time point separately and applying Sidak post-testing. Similar analysis was applied for comparison of percentages of caspase-positive cells except that each plasma treatment time was compared to its according time point control. For comparison of intracellular thiol content, a ratio paired t-test was used comparing mean fluorescence intensities of control and plasma-treated samples for each time point separately. This was also done for comparison of MitoTracker orange mean fluorescence intensities. Significance levels were indicated as follows: *α=0.05, **α=0.01, and ***α=0.001.
III. RESULTS AND DISCUSSION
Human PBMCs were treated with cold plasma to investigate its influence on oxidation and programmed cell death. PBMCs contain dozens of different cell types or subsets which also partially display different sensitivity towards oxidative stress. 24, 25 Hence, by including only CD4 + T helper cells in flow cytometric PBMC analysis we focused on a single cell type in all experiments. This lymphocyte subset was particularly suitable for the following reasons: (i) its high sensitivity allows for subtle discriminations of plasma effects 11, 15 ; (ii) unlike monocytes/macrophages, lymphocytes are not potent producers of ROS/RNS themselves 26 ; (iii) their frequency in chronic wounds is elevated
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; and (iv) lymphocyte responses to oxidative stress have been investigated by others in redox biology, possibly allowing a transfer of mechanisms to plasma-mediated redox changes in cells.
A. Oxidation by Cold Plasma Affected Extra-and Intracellular GSH
GSH constitutes and regenerates the majority of free thiols in cells, scavenging reactive species to keep redox homeostasis. 28, 29 Plasma treatment oxidized GSH in medium quickly and significantly (Fig. 1) . Thirty minutes after treatment about 50% (25 µM) GSH was oxidized. GSH-oxidation was continuous, suggesting a stable oxidant being present in plasma-treated medium. We recently showed that plasma deposits hydrogen peroxide in medium which may account for this effect. 15 Next, intracellular GSH concentrations were investigated. The probe employed measures reduced thiols and thus gives an estimate of intracellular GSH levels. 30 Increased dye fluorescence in living (7-AAD-negative) cells was found ( Fig. 2A) , differing significantly to controls 2 and 6 h after plasma treatment (Fig. 2B) . Twenty-four hours after treatment, dead cells were more abundant in treated (Fig. 2D ) compared to control samples (Fig. 2C) and contained less GSH. Although upregulation of GSH in treated cells compared to controls was somewhat unexpected, it was in line with previous findings attributing increased levels of GSH an important role in apoptosis. 31 Likewise, dead cells (7-AAD-positive) were likely to have stopped metabolizing, possibly explaining decreased GSH levels in them. GSH is very important for T cell functions including nonoxidative mediated cell death, cytokine production, and regulation by regulatory T cells. [32] [33] [34] [35] In vivo studies revealed no direct correlation of oxidative stress and intracellular GSH levels, underlining our findings. 36 However, the authors found a stronger modulation of GSH in mitochondria.
B. Plasma Induced Mitochondrial Oxidation and Membrane Depolarization
Mitochondria are the power plants of the cell. 37 Using a MitoTracker probe, we found that plasma treatment increased oxidation in mitochondria (Fig. 3A) significantly (Fig.  3B) . The probe accumulates rapidly in mitochondria and is sensitive to intracellular redox changes 38, 39 confirming our findings. Using the lipophilic and cationic probe JC-1, we also assessed mitochondrial membrane potential and found a decrease after plasma treatment (Fig. 3C) . In its monomeric form, it exhibits green fluorescence while upon aggregation in polarized mitochondria its fluorescence shifts to red. 40 The probe reenters the cytosol after mitochondrial membrane depolarization, and green fluorescence therefore indicates loss of membrane potential. 41 Two or six hours after plasma treatment, only a few cells were single positive for green fluorescing JC-1 (Fig. 3C, Q4 ) while abundant cells stained double positive 6 h after exposure. This suggested the presence of intact mitochondria in otherwise apoptotic cells as membrane depolarization implied.
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ATP production of mitochondria is required during the first 120 min in apoptosis initiation, 42 explaining low membrane depolarization after 2 h in our experiments.
C. Plasma-Induced Apoptosis was an Active Process and Involved Caspases
Apoptosis is a process allowing controlled disassembly of cells for removal and is central in, e.g., organ development, immune system specificity, or inflammation control.
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It is known that plasma initiates apoptosis as we have shown before in lymphocytes. 10 Although considered an early marker of programmed cell death in eukaryotic cells, 44 we here show that phosphatidylserine was not exposed until 810 h after treatment (Fig. 4A) . Bearing in mind the loss of mitochondrial membrane potential (Fig. 3C) , key apoptotic events took place much earlier, however. Not only in apoptosis many enzymes exhibit temperature-dependent activity. 45 Accordingly, the incubation temperature significantly influenced cell survival after plasma treatment (Fig. 4B) , suggesting a decreased enzyme activity necessary for apoptosis initiation. The enzyme caspase is central in cell death and was shown to be redox modulated. 46 The subtypes caspase 3/7 are of special importance 47 and activated caspases were significantly increased between 6 and 12 h (Fig. 5B) . In contrast to previous studies, there was a nonsignificant increase already after 6 h in T lymphocytes. 48 Caspase activation after plasma treatment was detected before 49, 50 but not in primary immune cells and not linked to changes in mitochondrial membrane potential, GSH levels, and onset of phosphatidylserine exposure. In this context, it would be of interest to investigate the expression of Bax or cytochrome c release. Both precede mitochondrial depolarization and caspase activation and are linked likewise. 51, 52 Further, these cellular processes require fully functional and metabolically active cells. 53 Thus, cold plasma-induced redox changes in cells may be able to mediate damage in different cellular compartments but are far from rendering eukaryotes fully inactive as, e.g., in necrosis. 
IV. CONCLUSION
It was possible to demonstrate how cold physical plasma changed the redox balance in lymphocytes, finally evoking apoptosis. While extracellular GSH was oxidized by plasma, cytosolic GSH levels increased indicating an active production, possibly to restore redox homeostasis. Mitochondria are key regulators of apoptosis and plasma quickly led to their oxidation and membrane depolarization, indicative of apoptosis initiation. Exposure of phosphatidylserine appeared between 8 and 10 h after oxidative challenge but was temperature dependent. Finally, caspase activation was linked to plasma-induced programmed cell death. All results were in line with findings in redox biology and suggested that plasma effects in cells were not mediated by alternative molecular pathways.
